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The [M 2 nH 1 mNa](m2n)1 and [M 2 nH 1 mK](m2n)1 ions are common in the electros-
pray mass spectra of proteins and peptides. The feasibility of forming these ions in the gas
phase via collision activation and/or ion–molecule reaction is investigated. Sodium and
potassium affinities of the N-methylacetamide anion, the acetate anion, and the 1-propana-
mide anion have been calculated using density functional theory at the B3LYP/6-
31111G(d,p) level of theory. These anions were chosen as models for the functional groups on
a protein or peptide. These affinity values are then used to calculate reaction enthalpies of
alkali hydroxides, chlorides, and hydrates with N-methylacetamide, acetic acid, the acetate
anion, and 1-propanamine, model reactions that may lead to formation of the [M 2 nH 1
mNa](m2n)1 and [M 2 nH 1 mK](m2n)1 ions. It is found that a number of these reactions are
exothermic or slightly endothermic (DH ° , 1 20 kcal/mol) and are accessible after collision
activation in the lens region. The potential energy hypersurfaces of model reactions between
NaOH and formamide as well as NaCl and formamide show relatively flat surfaces devoid of
significant barriers. (J Am Soc Mass Spectrom 2000, 11, 967–975) © 2000 American Society
for Mass Spectrometry
Since its inception, electrospray mass spectrometryhas revolutionized the analysis of peptides andproteins [1, 2]. The most common analysis in-
volves electrospraying a dilute acidic protein solution
and characterizing the resulting protonated protein ions
[3]. Adduction with other cations, especially alkali
metal ions, is also frequently observed particularly
when alkali metal salts are present as impurities or
additives. The complex ions observed often have alkali
metal ions not only present as simple adducts, but also
as replacement for protons that have been abstracted [4,
5]. Transition metal ions, such as Cu21 and Ni21, are
known to induce abstraction of an amide proton from
an oligopeptide in solution, after ligation to the N-
terminal nitrogen atom; the analogous reactions, how-
ever, are unknown for alkali metal ions [6].
In a recent report, we proposed that complex ions of
the type [M 2 nH 1 mX](m2n)1 can be formed in the
lens region of a mass spectrometer from electrosprayed
alkali metal ion–peptide adducts after their collisional
activation, as well as from collisions between peptide
ions and neutral alkali metal compounds [5]. Using
lithium hydroxide, chloride, and hydrate as examples,
we calculated reaction enthalpies for their reactions
with N-methylacetamide, acetic acid, the acetate anion,
and 1-propanamine (all models of functional groups on
a peptide) and showed that the majority of these
reactions are either exothermic or slightly endothermic.
Furthermore, we also showed, using a model reaction
between formamide and lithium hydroxide, that the
reactions are dominated by a relatively deep well from
the formation of a binary complex and are essentially
devoid of barriers. As a result, the reaction rates are
essentially determined by reaction enthalpies. We esti-
mated that, under typical electrospray sampling condi-
tions in the lens region, reactions with endothermicities
smaller than 20 kcal/mol are accessible, and peptide–
lithium salt reactions that are exothermic or endother-
mic by less than this value should proceed readily to
yield [M 2 nH 1 mLi](m2n)1 ions.
As described in [5], the decision then to examine
lithiated adducts was made based on computational
economy. In this current study, we are extending this
earlier work to the formation of [M 2 nH 1
mNa](m2n)1 and [M 2 nH 1 mK](m2n)1 ions that are
observed much more frequently than [M 2 nH 1
mLi](m2n)1 due to the much more extensive use of
sodium- and potassium-containing reagents and wider
occurrence of Na1 and K1 in nature.
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Experimental
Experiments were conducted on a PE-SCIEX API 3000
prototype triple quadrupole mass spectrometer (Con-
cord, Ontario). Ubiquitin was commercially available
from Sigma (St. Louis, MO). Samples were 10 mM of
ubiquitin plus 1 mM of sodium hydroxide, sodium
chloride, potassium hydroxide, or potassium chloride
in 50/50 methanol and water. These were continuously
infused at a rate of 2 mL/min into the pneumatically
assisted electrospray probe with air being the nebulizer
gas. Mass spectra were acquired at the range 600–3000
m/z units, at a step size of 0.2 unit, and a dwell time of
10 ms; 10 scans were summed to produce a mass
spectrum.
Computational Methods
Density functional theory (DFT) employing the hybrid
B3LYP method, which uses Becke’s three-parameter
exchange functional [7] and the correlation functional of
Lee et al. [8], with the 6-31111G(d,p) basis set [9] in
Gaussian 98 [10], was used to calculate the optimized
geometries and vibrational frequencies. First-order sad-
dle points were found using the Berny transition-state
algorithm and the CALCALL method [10].
Results and Discussion
Figure 1 shows the electrospray mass spectra of ubiq-
uitin with (a) potassium chloride and (b) potassium
hydroxide. Both spectra contain a large number of
clusters bearing [M 2 nH 1 mK](m2n)1 ions; the extent
of potassium incorporation in ubiquitin, however, is
much higher in the presence of potassium hydroxide
than potassium chloride. This is evident in the two
insets, which show the 51 clusters in detail. For these
clusters (m 2 n) 5 5; in other words, the ions have a
general formula of [M 2 (m 2 5)H 1 mK]51. Ubiquitin
is a small, 76-residue protein that has an average
molecular mass of 8564.9 Da. The number of incorpo-
rated potassium atoms, m, in a given ion can be solved
by
m 5 ~5 3 ~m/z! 2 5 2 8564.9!/~39.1 2 1.0! (1)
with (m/z) being the mass-to-charge ratio of the ion.
Thus, in the inset of Figure 1a, the first peak at (m/z) 5
1713.8 has an m of (5 3 1713.8 2 5 2 8564.9)/(39.1 2
1.0) 5 0.0. For the 15th peak, (m/z) 5 1820.2, m 5 (5 3
1820.2 2 5 2 8564.9)/(39.1 2 1.0) 5 13.9. The
number of incorporated potassium atoms for each clus-
ter ion, rounded to the nearest integer, is shown. The
envelope of cluster ions observed in the presence of
potassium chloride is comparatively wider than that in
the presence of potassium hydroxide; the relative extent
of potassium incorporation, as judged from that of the
most abundant ions, however, is smaller in the former
than in the latter. In Figure 1a, m ranges from 0 to more
than 20 with m 5 5 being the most abundant, whereas
in Figure 1b, m ranges from 9 to at least 21 with m 5 14
being the most abundant.
Incorporation of potassium in clusters of higher
charges is equally extensive in Figure 1b. For the 16
cluster, m 5 15 for the ions at (m/z) 5 1523.6; for the
17 cluster, m 5 16 for (m/z) 5 1311.6; and for the 18
cluster, m 5 17 for (m/z) 5 1152.6. This is to be con-
trasted with the situation in Figure 1a, where the extent
of potassium incorporation apparently drops off with
increasing cluster charge. We will show in later sections
that the lower degree of potassium incorporation in the
presence of potassium chloride, relative to that with
potassium hydroxide, is in accordance with the differ-
ences in reaction enthalpies of these salts with model
functional groups on ubiquitin. Calculations show that
potassium hydroxide is able to react with more kinds of
functional groups than potassium chloride and that the
energetics are more favorable for the former reaction. It
should be pointed out that the mass spectra of ubiquitin
in the presence of sodium chloride and sodium hydrox-
ide (not shown) bear strong resemblances to those of
potassium chloride and potassium hydroxide. The mul-
tiply charged potassium-containing adducts, however,
are better resolved from one another as potassium has a
higher mass than sodium.
As before, we began our assessment of the feasibility
of creating [M 2 nH 1 mK](m2n)1 and [M 2 nH 1
mNa](m2n)1 ions in the gas phase by examining reac-
tion enthalpies of KOH, KCl, K(H2O)
1, NaOH, NaCl,
and Na(H2O)
1 with compounds that mimic functional
groups on a peptide. The compounds are: N-methylac-
etamide, which models the peptide linkage; acetic acid
and the acetate anion, which model the carboxylic
terminus as well as the side-chain functional groups on
acidic residues; and 1-propanamide, the amino termi-
nus and the side-chain functional groups on basic
residues [5]. The 12 reactions that are considered for
each alkali metal, using K as an example, are
CH3CONHCH3 1 KOH3CH3CON(K)CH3 1 H2O
(2)
CH3CONHCH3 1 KCl3 CH3CON(K)CH3 1 HCl
(3)
CH3CONHCH3 1 K(H2O)
13CH3CON(K)CH3 1 H3O
1
(4)
CH3COOH 1 KOH3 CH3COOK 1 H2O (5)
CH3COOH 1 KCl3 CH3COOK 1 HCl (6)
CH3COOH 1 K(H2O)
13 CH3COOK 1 H3O
1 (7)
CH3COO
2 1 KOH3 CH3COOK 1 OH
2 (8)
CH3COO
2 1 KCl3 CH3COOK 1 Cl
2 (9)
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Figure 1. Electrospray mass spectra of ubiquitin with (a) potassium chloride and (b) potassium
hydroxide. Insets show the [M 2 (m 2 5)H 1 mK]51 clusters with different m values.
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CH3COO
2 1 K(H2O)
13 CH3COOK 1 H2O (10)
CH3CH2CH2NH2 1 KOH3CH3CH2CH2NHK 1 H2O
(11)
CH3CH2CH2NH2 1 KCl3CH3CH2CH2NHK 1 HCl
(12)
CH3CH2CH2NH2 1 K(H2O)
13CH3CH2CH2NHK 1 H3O
1
(13)
The reaction enthalpies are calculable from standard
thermochemical data, provided that the potassium ion
affinities (KAs) of the N-methylacetamide anion, 1, the
acetate anion, 2, and the 1-propanamide anion, 3, are
independently known. For example,
DH°2 5 DH°acid (N-methylacetamide) 1 KA (OH
2)
2 DH°acid (H2O) 2 KA (1) (14)
DH°9 5 DH°acid (acetic acid) 1 KA (Cl
2)
2 DH°acid (HCl) 2 KA (2) (15)
DH°13 5 DH°acid (1-propanamine) 1 KA (H2O)
2 PA (H2O) 2 KA (3) (16)
where PA is proton affinity [5]. To obtain the reaction
enthalpies, we calculated in this study the KAs and
sodium ion affinities (SAs) of 1, 2, and 3, and those of
OH2, Cl2, and H2O, using molecular orbital calcula-
tions. The latter simple species were included such that
their affinities may serve as comparisons with reference
experimental data to allow us to gauge the accuracy of
the DFT method at the B3LYP/6-31111G(d,p) level of
theory. Table 1 shows the electronic energies, zero-point
vibrational energies, and thermal corrections (necessary
to adjust the reactions to 298 K) of 4, 5, and 6, the
potassium salts of respectively 1, 2, and 3; those of 7, 8,
and 9, the sodium salts of 1, 2, and 3; and those of alkali
hydroxides, chlorides, and hydrates. The structures of
the anions and the salts are shown in Figure 2, together
with those of 10, 11, and 12, the lithium salts of 1, 2, and
3, which are reproduced here for comparison [5].
Attachment of Na and K to the N-methylacetamide
anion, 1, effects a conformational change to 1 that is
essentially the same as that resulting from the attach-
ment of Li, in which the two methyl groups become cis
to each other. One minor difference is that in 10, the
C-methyl group is staggered about the O–Li bond,
whereas in the Na- and K-containing analogs 4 and 7,
the C-methyl group eclipses the O-metal bond. Replace-
ment of Li with Na, and with K, leads to lengthening of
the X–O (where X 5 the alkali metal) and the X–N
bonds, and widening of the X–O–C, O–C–N, and
C–N–X bond angles; otherwise the resulting salt struc-
tures, 10, 7, and 4, are nearly identical. The increases in
metal–ligand bond lengths and metal–related bond
angles are in accordance with the increase in atomic
radii from Li to Na and K. Parallel effects are also
apparent in the salts of the acetate anion, 2, and the
1-propanamide anion, 3.
The calculated SAs and KAs are shown in Table 2
along with corresponding LAs [5] and relevant experi-
mental values calculated from reference thermochemi-
cal data [11–14]. Judging from the degree of agreement
between calculated LAs, SAs, and KAs and experimen-
tal affinities for OH2, Cl2, and H2O (average absolute
deviation 5 1.5 kcal/mol), the DFT B3LYP/6-
31111G(d,p) method should provide adequate accura-
cies for the crucial SAs and KAs of the N-methylacet-
amide, the acetate, and the 1-propanamide anions for
this study. (Basis set superposition errors, as judged by
the value of 1.5 kcal/mol calculated for potassium
propanamide, 6, are negligible.) For a given ligand, it is
apparent that the calculated ion affinity decreases from
Li to Na to K; this is in accordance with the ability of the
metal to hold a positive charge.
Table 3 shows the reaction enthalpies of XOH, XCl,
and X(H2O)
1, where X 5 Li, Na, and K, with N-
methylacetamide, acetic acid, the acetate anion, and
1-propanamine; the lithium-related data are repro-
duced here from the earlier work [5] for comparison.
Reaction enthalpies that are either negative or positive
by less than 20 kcal/mol are shown in bold. We
estimate that reactions which are exothermic by less
than 20 kcal/mol may be rendered sufficiently fast to be
observable because of multiple collision activation in
the lens region, provided that the barriers of such
reactions are not significant [5]. The selection of 20
kcal/mol as the limit is somewhat arbitrary, but justifi-
able in view of the following observations. In a recent
Table 1. Electronic energiesa, zero-point vibrational energiesb
(ZPVE), and thermal energiesb,c for (A) potassium- and (B)
sodium-containing species
Species Electronic ZPVE Thermal
(A)
4 2847.97698 56.0 4.9
5 2828.56759 31.2 4.0
6 2773.86718 67.0 4.7
K1 2599.76106 0.9
KOH 2675.81491 6.7 2.2
KCl 21060.24770 0.4 1.8
K(H2O)
1 2676.24944 14.8 2.5
(B)
7 2410.33532 56.3 4.8
8 2390.92341 31.6 3.7
9 2336.22378 67.4 4.6
Na1 2162.08757 0.9
NaOH 2238.16799 6.8 2.2
NaCl 2622.60101 0.5 1.7
Na(H2O)
1 2162.08757 15.0 2.4
aElectronic energies in Hartrees.
bZPVE and thermal energies are in kcal mol21.
cSum of translational, vibrational, and rotational energies at 298 K.
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study involving Ag(NH3)n
1 complex ions, very few
Ag(NH3)3
1 ions and no Ag(NH3)4
1 ions were observed,
even under very mild sampling conditions, when a
solution of AgNO3 was electrosprayed in the presence
of 5% ammonia [15]. Under regular lens conditions,
such as those used here, virtually no Ag(NH3)3
1 ions
were observed. The abundances for Ag(NH3)2
1 and
Ag(NH3)
1 were always very high. DFT calculations at
Figure 2. Geometric parameters for anions, lithium, sodium and
potassium salts, water, and hydrates. Bond distances are in
angstroms and angles in degrees.
Table 2. Calculated Li, Na, and K ion affinities of anions
(kcal/mol) using DFT at the B3LYP/6-31111G(d,p) level of
theory. Experimental values (Expt.) are also shown for
comparison
Anion Lia Expt. Na Expt. K Expt
1 170.4 143.8 124.0
2 170.5 145.3 127.0
3 175.6 147.3 128.7
OH2 187.9 185.7a 158.0 158.7b 141.5 144.7e
Cl2 131.8 132.7c 119.8 118.3f
H2O 35.5 33.9
a 25.0 24.1d 18.0 17.2g
aReference [5].
bDfH° (Na1) 1 DfH° (OH2) 2 DfH° (NaOH) 5 144.1 2 32.7 1 47.3 5
158.7.
cDfH° (Na1) 1 DfH° (Cl2) 2 DfH° (NaCl) 5 144.1 2 54.4 1 43.0 5
132.7.
dDfH° (Na1) 1 DfH° (H2O) 2 DfH° (NaOH21) 5 144.1 2 57.8 2 62.2 5
24.1.
DfH° (NaOH21) 5 DfH° (H1) 1 DfH° (NaOH) 2 PA (NaOH) 5 365.7 2
47.3 2 256.2 5 62.2.
eDfH° (K1) 1 DfH° (OH2) 2 DfH° (KOH) 5 121.4 2 32.7 1 56.0 5
144.7.
fDfH° (K1) 1 DfH° (Cl2) 2 DfH° (KCl) 5 121.4 2 54.4 1 51.3 5 118.3.
gDfH° (K1) 1 DfH° (H2O) 2 DfH° (KOH21) 5 121.4 2 57.8 2 46.4 5
17.2.
DfH° (KOH21) 5 DfH° (H1) 1 DfH° (KOH) 2 PA (KOH) 5 365.7 2 56.0 2
263.3 5 46.4.
All reference thermochemical data from [11–14].
Table 3. Reaction enthalpies (kcal/mol) of XOH, XCl, and
X(H2O)
1, where X 5 (A) Li, (B) Na, and (C) K, with N-
methylacetamide, acetic acid, the acetate anion, and
1-propanaminea
Species
Functional
group XOH XCl X(H2O)
1
(A) Lithium
N-methylacetamide Peptide bond 212.2 14.1 61.7
Acetic acid Acid 226.2 0.1 47.7
Acetate anion Acid 15.9 214.8 2135.9
1-Propanamine Amine 18.5 44.8 92.4
(B) Sodium
N-methylacetamide Peptide bond 212.4 19.0 78.9
Acetic acid Acid 227.2 4.2 63.9
Acetate anion Acid 14.9 210.7 2119.7
1-Propanamine Amine 20.6 52.0 111.7
(C) Potassium
N-methylacetamide Peptide bond 27.0 24.0 91.2
Acetic acid Acid 223.3 7.7 74.9
Acetate anion Acid 18.8 27.2 2108.7
1-Propanamine Amine 24.8 55.8 123.0
aValues that are exothermic and endothermic by less than 20 kcal/mol
are shown in bold.
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the B3LYP/DZVP level of theory show that the reaction
enthalpies, DH°n,n11, for the reaction
Ag(NH3)n
1 1 NH33 Ag(NH3)n11
1 (17)
are DH°0,1 5 240.1; DH°1,2 5 236.1; DH°2,3 5 215.1;
and DH°3,4 5 211.0 kcal/mol; the last three values are
in excellent agreement with experimental reaction en-
thalpies [16]. The absence of observed Ag(NH3)3
1 and
Ag(NH3)4
1 ions was attributed to collision-induced frag-
mentation in the lens region, thus implying that an
energy between 15 and 36 kcal/mol is available via
collisional activation. Furthermore, complexes such as
Ag(H2O)
1 and Na(CH3OH)
1, for which bond enthalp-
ies are 28.4 [17] and 22.3 kcal/mol [18], respectively,
give intense signals. For the latter complex, the abun-
dance ratio of Na(CH3OH)
1 and Na1 is typically 1.2–
1.5. These observations all support the estimate that the
magnitude of collisional activation in the lens region is
approximately 20 kcal/mol.
It is apparent in Table 3 that the number of functional
groups whose reactions with the alkali metal-contain-
ing reagents are either exothermic or endothermic by
less than 20 kcal/mol decreases from the reagent being
alkali hydroxide to alkali chloride to alkali hydrate. It is
noteworthy that the most abundant functional group on
a peptide is the amide linkage, and that the reactions of
N-methylacetamide with all three alkali hydroxides are
exothermic, whereas those with all three alkali chlo-
rides are endothermic albeit accessible for LiCl and
probably for NaCl. The experimentally observed lower
extent of alkali metal incorporation from the chloride
salt, e.g., in Figure 1a for potassium incorporation to
ubiquitin, is in accordance with the aforementioned
trends in Table 3.
In the earlier study, the potential energy hypersur-
face of the LiOH 1 HCONH2 reaction was used as a
prototypical example for the formation of [M 2 nH 1
mLi](m2n)1 [5]. In that reaction, the reaction profile is
dominated by a relatively deep well of approximately
35 kcal/mol, due to the formation of a formamide–
lithium hydroxide complex with initial lithiation occur-
ring on the carbonyl oxygen; subsequent hydrogen
transfer from the amide group to the oxygen atom of
LiOH, di-coordination of the Li by both the amide
oxygen and nitrogen atoms, and finally elongation of
the Li–OH2 bond to yield HCON(Li)H and H2O com-
plete the reaction profile [5]. The important feature is
that none of the reaction steps exhibit large barriers and
the reaction is driven entirely by its exothermicity. Thus
it was deemed probable that the assumption of small
barriers for lithium salt reactions with peptide func-
tional groups is correct. Here we furnish two other
examples to establish that this assumption is indeed
generally applicable. Figure 3 shows the energy hyper-
surfaces for the following two reactions:
(a) HCONH2 1 NaOH3 HCON(Na)H 1 H2O
(18)
(b) HCONH2 1 NaCl3 HCON(Na)H 1 HCl (19)
Figure 4 displays the structures while Table 4 lists their
energetics. Similar to what was calculated previously in
the reaction of HCONH2 with LiOH [5], the first steps in
the reaction profiles are the formation of the form-
amide–sodium hydroxide complex, M1, in reaction (18)
(see Scheme 1) and that of the formamide–sodium
chloride complex, M4, in reaction (19). An amide hy-
drogen then migrates over to the electron-rich center,
the hydroxide oxygen and the chloride, to form the
transition state structures TS2 and TS4, respectively
(TS2 is actually formed via TS1 and M2). From TS2
lengthening of the Na–O bond and rearrangement
produce the final products P1. Similarly, from TS4
cleavage of the Na–Cl bond and rearrangement leads to
the final products P2. Comparing the two profile types,
reaction (18) produces a much flatter profile than reac-
tion (19); furthermore, the former reaction is exergonic
(DG°298 5 210.3 kcal/mol), whereas the latter is ender-
gonic (DG°298 5 16.0 kcal/mol).
For reaction (18) the lack of significant barriers and
its exergonicity mean that it would be highly efficient.
For reaction (19) TS4 imposes a free-energy barrier of
35.3 kcal/mol relative to M4. A portion of this activa-
tion energy is recovered from the exergonicity of the
complexation reaction to form M4 (DG°298 5 216.4
kcal/mol) with the rest provided by collisional activa-
tion. The lower energy channel in the dissociation of M4
is one which yields the reactants, formamide, and
sodium chloride (R2), resulting in no net reaction; the
second, higher energy channel is the rearrangement
reaction to form the products sodium formamide and
hydrogen chloride (P2). The fact that sodium and
potassium incorporation are observed (e.g., Figure 1a)
in the presence of alkali chloride is probably due to the
large number of amide groups present and the large
number of collisions. As discussed earlier, the relative
free energy between the products and reactants are
reversed in the reaction between formamide and so-
dium hydroxide (Figure 3b). There the lower energy
channel in the dissociation of M1 is the rearrangement
reaction to form sodium formamide and water (P1), a
result very similar to that between formamide and
lithium hydroxide [5]. That incorporation of sodium is
the lower reaction channel for sodium hydroxide, but
not for sodium chloride, as reagent is consistent with
the higher degree of observed sodium incorporation in
the former than in the latter (for an example of potas-
sium substitution, compare Figure 1a with 1b).
In electrospray, ions are believed to be desorbed into
the gas phase clustered to a large number of solvent
molecules [2, 3, 19–21]. These solvent molecules are
subsequently removed in the lens region of the mass
spectrometer via a number of collision-induced disso-
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ciations. Furthermore, there is also a possibility that
solvent condensation on the ions (nucleation) can occur
in the supersonic jet [20, 21]; these condensed solvent
molecules are subsequently cleaved in collisions down-
stream. In cases where the sample solution contains
nonvolatile additives, such as potassium hydroxide, we
have shown that these are also sampled and are com-
plexed to multimers of the ions; this was demonstrated
in a collision-induced dissociation of a 30-m/z-wide
window of background ions, which yielded [M 2
nH 1 mK](m2n)1 and K(KOH)p
1 (p 5 1– 4) ions [5].
Two scenarios are possible that could eventually lead to
formation of the [M 2 nH 1 mX](m2n)1 ions in the lens
Figure 3. Hypersurfaces for the reactions (a) HCONH2 1 NaOH
3HCON(Na)H 1 H2O and (b) HCONH2 1 NaCl3HCON(Na)H
1 HCl. Values shown are relative energies, enthalpies, and free
energies in kcal/mol; details are in Table 4.
Figure 4. Structures of reactants, intermediates, transition states,
and products in Figure 3.
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region. In the first one, collisional heating (activation) of
sampled solvated clusters of the protonated peptide
drives away the volatile and weakly bound solvent
molecules, and brings the protonated peptide and alka-
li-containing species that are present in the solvated
clusters together; as shown in the earlier study [5] and
also here, several peptide functional groups may then
react with the alkali hydroxide or chloride to form the
[M 2 nH 1 mX](m2n)1 ions. In the second scenario,
naked protonated peptides may collide with alkali
hydroxide or chloride molecules that are sampled into
the lens region [5], which begins at a near atmospheric
pressure at the orifice and ends at a pressure of a few
mtorr at the exit of the quadrupolar lens. The relatively
high pressure in the lens region ensures a very large
number of collisions. A simulation of the motion of an
ion, having an initial kinetic energy of 10 eV, an m/z
ratio of 190, and a collision cross section of 125 Å2,
through a quadrupolar lens at a pressure of 4 mtorr and
an axial potential gradient of 5 V/m, gives an average
number of collisions of 100 [22]. Irrespective of the
molecular process or reaction sequence, peptide ions
are brought into close proximity of alkali-containing
species and under conditions of collisional activation.
Calculations performed on models of peptide func-
tional groups reacting with alkali hydroxide, chloride,
and hydrate show that many of these reactions are
feasible as they are either exothermic or endothermic by
less than 20 kcal/mol, an amount accessible via colli-
sional activation, and they proceed with no significant
barriers. Considering the electrospray sampling condi-
tions, it is likely that both processes are at work.
Concluding Remarks
The model reactions discussed in this report are those
between neutral functional groups and alkali hydrox-
ide, alkali chloride, and alkali hydrate. The mechanisms
depicted in Scheme 1 and Figure 3 are those appropriate
for a peptide ion in which the charge site is remote from
the reacting functional groups and does not participate
in the substitution reaction. We are currently develop-
ing a model in which the protonated site catalyzes the
substitution reaction. Preliminary work indicates that
the reaction between a model protonated dipeptide and
sodium chloride to generate the protonated sodiumScheme 1.
Table 4. Total electronic energies (in hartrees), zero-point vibrational energies, and thermal corrections (both in kcal mol21),
entropies (in cal mol21 K21), and relative electronic energies (DE), enthalpies (DH°298) and free energies (DG°298) (all in kcal mol
21) at
B3LYP/6-3111G(d,p) for structures in Figure 3a, b
Structures Electronic energies
Zero-point
energies
Thermal
corrections Entropy DE DH°298 DG°298
R1 2408.04481 35.7 4.6 116.7 38.0 38.5 17.8
M1 2408.10538 36.1 4.3 80.7 0.0 0.0 0.0
M2 2408.10735 36.8 4.4 82.6 21.2 2.0 0.5
M3 2408.10639 37.3 4.7 85.1 0.6 2.2 0.9
TS1 2408.10533 35.0 4.1 79.2 0.0 21.3 20.8
TS2 2408.09903 36.7 4.7 85.0 4.0 5.0 3.8
P1 2408.07830 35.3 4.6 113.1 17.0 17.1 7.5
Formamide 2169.91092 28.5 2.4 61.4
NaOH 2238.13789 7.2 2.2 55.3
H2O 276.43412 13.3 1.8 45.1
R2 2792.47538 29.0 4.1 116.3 27.5 26.4 16.4
M4 2792.51914 30.5 4.3 83.0 0.0 0.0 0.0
M5 2792.46955 27.5 4.2 85.1 31.7 28.0 27.3
TS4 2792.45495 27.0 4.4 88.1 40.3 36.9 35.3
P2 2792.44745 26.2 4.3 112.6 45.0 41.3 32.4
NaCl 2622.56446 0.5 1.7 54.9
HCl 2460.80327 4.2 1.5 44.6
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amide product and hydrogen chloride is exergonic by
approximately 12 kcal/mol with a well depth of 24
kcal/mol. Furthermore, the protonation site is regener-
ated at the end and can catalyze another substitution
reaction step. This type of reaction is induced by the
charge in contrast to the charge-remote mechanism
proposed in this study. The reactions between electro-
sprayed peptide ions and alkali species may take place
via both charge-remote and charge-proximal routes,
depending on the positioning of the alkali species when
they contact the peptide ion.
A reviewer of this paper suggested experiments
should be carried out with the model compounds,
N-methylacetamide, acetic acid, and 1-propanamide.
Electrospraying these compounds in the presence of
sodium ions produces sodiated products. These ad-
ducts could be interpreted as products of simple adduc-
tion of Na1 to the ligand or as protonated products of
substitution reactions, i.e., protonated sodium
N-methylacetamide, acetate, and 1-propanamide. Elec-
trospraying compounds containing monofunctional
groups will not produce ions in which unambiguous
substitution of a proton by an alkali metal ion has
occurred. A second question was also raised as to the
effect of the protein’s three-dimensional structure on
the extent of alkali-metal ion incorporation. This effect
is unknown; it is possible that a more compact structure
in which most of the functional groups are buried may
exhibit less alkali-metal ion incorporation than a more
extended structure. To know this is, however, beyond
the means and intentions of this current investigation.
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